cytosol (Sanders et al., 1992; Matlack et al., 1999) . In contrast to the other members of the tetrameric Sec62/63 complex, Sec63p together with Kar2p fulfills additional functions during the cotranslational mode of protein translocation (Young et al., 2001) . Whether Sec63p performs this role in the context of the tetrameric Sec62/63 complex or in combination with other partner proteins is unknown.
Modulating the activity or changing the binding partners of a protein is often achieved by post-translational modifications. Indeed, the phosphorylation of some of the members of the mammalian trimeric Sec61 complex and a subsequent stimulation of cotranslational protein import into microsomes has been observed in vitro (Gruss et al., 1999) . Here, we describe our finding that in yeast recruitment of Sec62p to the Sec complex is stimulated by protein kinase CK2 via phosphorylation of the C-terminal domain of Sec63p.
Materials and Methods

Construction of fusion proteins, mutations
Mutants of F- were created by PCR using F-FPR1-63 C14 as a template and oligos annealing to the DNA coding for the last 14 residues of Sec63p but containing the desired nucleotide exchanges and an oligo annealing to the 3′ untranslated DNA of SEC63 (Wittke et al., 2000) . PCR products were cut with ClaI and Acc651 and inserted into the pRS314 vector. P CUP1 -F-FPR1-63 C14 and P CUP1 -F-FPR1-63 C47 were both cut with EagI and ClaI, and, using the common ClaI site, inserted together with the P CUP1 -promoter in front of the mutated sequence to obtain P CUP1 -F-FPR1-63 C14 T652A and P CUP1 -F-FPR1-63 C47 T654A, as well as the other mutations at positions 652, 654 and 661 of Sec63p (Wittke et al., 2000) . To insert the same mutations into the chromosomal SEC63 a PCR product of SEC63 spanning the last 448 bp of the SEC63 ORF was cut with BamHI and ClaI and inserted in front of the mutated SEC63 sequence on the pRS304 or pRS305 vector. The vector was cut with PstI in the SEC63 sequence and transformed into the yeast JD53 or NJY126 essentially as described (Table 1) (Wittke et al., 1999) . Successful recombination was confirmed by diagnostic PCR and sequencing. P all N ub fusions, P CUP1 -SEC62-DHA, P CUP1 -SEC62 ∆C125 -DHA, P CUP1 -SEC62 ∆N144 -DHA, P CUP1 -SEC62 ∆C35 -DHA, and all signal-sequence-containing C ub -URA3 constructs were as described (Dünnwald et al., 1999; Wittke et al., 1999; Wittke et al., 2002) . The C-terminal mutations of SEC63 were introduced into the P MET17 -SEC63-C ub -RURA3 vector by replacing the ClaI-SalI fragment spanning the 3′ end of SEC63 and the sequence connecting SEC63 with C ub by a ClaI, SalI cut PCR fragment containing the corresponding sequence but harboring the desired mutations. Genomic insertions of the sequence coding for protein A (ProA) behind SEC63 or CKA1 were performed as described (Knop et al., 1999) (Table 1 ). All insertions were tested by diagnostic PCR and western blots of protein extracts obtained from the transformed strains. Functionality of the SEC63-ProA allele was confirmed by the Ura3p-based translocation assay (Wittke et al., 2002) . The ProA fusions were detected by consecutive incubations with horseradish peroxidase coupled rabbit anti-goat and goat antirabbit antibodies (Biorad, Hercules, USA). Oligos were obtained by Metabion (Munich, Germany) . Sequencing was performed by Seqlab (Göttingen, Germany).
Media, synthetic lethality, translocation and split-ubiquitin assays Yeast rich (YPD) and synthetic minimal media with 2% dextrose (SD) followed standard recipes. Split-ubiquitin interaction assays and translocation assays were performed as described previously (Wittke et al., 2002) . Interaction assays were performed on media containing 10 mM methionine to reduce the expression of P MET17 -SEC63-C ub -RURA3. The tests for establishing a synthetic lethality between the different sec63 and sec62 alleles were performed as described (Wittke et al., 2000) .
[ 35 S]-Pulse and carboxypeptidase Y (CPY) immunoprecipitation Cells were grown at 30°C or 37.5°C to an OD 600 of 1, and 2 OD units were spun down, washed with water and resuspended in 1 ml of SD medium without methionine. Cells were kept at the appropriate temperature for 20 minutes and labeled with 250 µCi of [ 35 S]-Promix labeling solution (Amersham Biosciences, Uppsala, Sweden). Cells were transferred after 5 minutes onto ice and the reaction was stopped by the addition of 0.25 ml 50% TCA. Cell extraction and immunoprecipitation with an anti-carboxypeptidase Y (CPY) monoclonal antibody (Molecular Probes, Portland, USA) was done as described previously (Bonifacino and Dell'Angelica, 1998) .
In vivo phosphorylation JD53 cells expressing F-Fpr1-63 C14 or F-Fpr1-63 C14T652; 654A were cultured in 5 ml SD-trp to high cell densities, washed once in low phosphate medium (50 µM KH 2 PO 4 in phosphate-free medium) (Qbiogene, Heidelberg, Germany) and diluted 1:700 into 4 ml of the same medium. Cells were grown to an OD 600 of 0.7 and CuSO 4 was added to 100 µM. After 1 hour of further incubation at 30°C the cells were transferred into phosphate-free medium containing 100 µM copper and 50 µCi of [ 32 P]O 4 (Amersham Biosciences) per OD 600 . After 2 hours at 30°C the reaction was stopped by the addition of 50% TCA to 12.5%. Cells were washed once in acetone and prepared for immunoprecipitation with the anti-Flag antibody (Sigma, Deisenhofen, Germany) as described (Bonifacino and Dell'Angelica, 1998) .
Kinase assay
One hundred milliliters of cells expressing Cka1-ProA were grown at 30°C in YPD to an OD 600 of approximately 1, washed once in water and then shock frozen in liquid nitrogen and either stored at -80°C or immediately processed for protein purification. Frozen cells from a 100 ml culture were ground under liquid nitrogen and the cell paste was extracted during thawing with 2 ml extraction buffer 1 (50 mM Hepes pH 7.5, 200 mM KCl, 1 mM EDTA, 1 mM DTT, 1 mM PMSF) containing phosphatase inhibitor cocktail 1 and 2 (Sigma, Deisenhofen, Germany) and a protease inhibitor cocktail (Roche, Penzberg, Germany). The cell suspension was vortexed and centrifuged for 20 minutes at 16,000 g at 4°C. The supernatant was incubated with 40 µl IgG sepharose (Amersham Biosciences) for 4 hours at 4°C, the beads were washed five times with 10 ml of extraction buffer 1 and twice with kinase buffer (20 mM Hepes pH 7.5, 100 mM NaCl, 10 mM MgCl 2 ). The procedure was repeated with JD53 cells not expressing a ProA fusion for the control reaction.
Cells expressing F-Fpr1-63 C14 or F-Fpr1-63 C14T652; 654A under the P CUP1 -promoter were grown in SD-trp containing 100 µM copper at 30°C to an OD 600 of approximately 1. Cells were extracted as described but in extraction buffer 2 (50 mM Hepes pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM DTT) containing phosphatase and protease inhibitors. Proteins were precipitated by incubation with anti-Flag antibody for 1 hour followed by incubation with 40 µl of Protein G sepharose (Amersham Biosciences) for 2 hours. Beads were washed four times with extraction buffer 2 and treated with phosphatase as described. After phosphatase treatment the beads were washed four times with extraction buffer 2 and the protein was recovered by incubating the beads with 50 µl of a 100 µg/ml solution of Flag Sec63p phosphorylation peptide (Sigma) in 10 mM Tris pH 7.5, 100 mM NaCl for 1 hour at room temperature.
The kinase assay contained 20 µl of Cka1-ProA beads, 20 µM ATP, 1 µCi of [γ-32 P]-GTP (Amersham) and 20 µl of Flag peptide eluate in a total volume of 50 µl kinase buffer. Inhibition of the kinase was achieved by 10 µg/ml Heparin (Sigma). The reaction was stopped after 30 minutes at 30°C by mixing the supernatant with an equal amount of twofold SDS sample buffer (SB) and boiling for 3 minutes.
Phosphatase treatment
Twenty microliters of Protein G sepharose presenting the anti-Flag antibody bound protein were treated with 10 units of calf intestinal phosphatase (CIP) (New England Biolabs, Beverly, USA) or without enzyme for 1 hour at 37°C in phosphatase buffer (NEB 3, New England Biolabs). Proteins immobilized on nitrocellulose were incubated with 5 ml of phosphatase buffer containing 30 units of CIP or no enzyme at 37°C for 1 hour.
Overlay assay
Protein extracts were derived from 10 ml yeast cultures as described (Wittke et al., 2002) or were obtained by resuspending the washed cell pellets in 100 µl twofold SB and subjecting them to four consecutive cycles of boiling, vortexing and freezing in liquid nitrogen. Extracts were separated by 12.5% SDS polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto nitrocellulose (Wittke et al., 1999) . The membrane was incubated for 2 hours at 4°C with 4 ml of 1:2 diluted extracts from cells expressing Sec62 ∆C125 -Dha under the inducible P CUP1 -promoter. Bound Sec62 ∆C125 -Dha was detected with anti-Ha antibody (Hiss Diagnostics, Freiburg, Germany) essentially as described (Wittke et al., 2002) . The cells expressing Sec62 ∆C125 -Dha were grown in 100 ml SD-leu, 100 µM copper to an OD 600 of 1-1.5. The extracts from these cells were prepared as described for the cells expressing F-Fpr1-63 C14 .
Binding assays F-Fpr1-63 C14 presenting beads were incubated with 2 ml of extract derived from cells expressing Sec62 ∆C125 -Dha. After incubation for 2 hours at 4°C, the beads were washed four times with extraction buffer 2 and resuspended in 40 µl of twofold SB. Extractions of Sec63-ProA or Sec63T654A-ProA expressing cells were as for F-Fpr1-63 C14 -expressing cells but with buffer containing 0.2% Triton X-100. 1.5 ml of the extracts were incubated with 30 µl of IgG sepharose beads for 2 hours at 4°C. Beads were spun down and 20 µl of the supernatants were boiled directly with 20 µl of twofold SB. Beads were washed five times with extraction buffer 2 (plus 0.2% Triton) and boiled in 120 µl SB. Fifteen microliters of the supernatants and 40 µl of the bound fractions were used for western blot analysis. Yeast cells expressing F-Fpr1-63 C14 together with Sec62 ∆C125 -Dha were grown to an OD 600 of 1-1.5 and extracted as described for cells expressing FFpr1-63 C14 . The extract was incubated with anti-Ha antibody agarose (Hiss Diagnostics), washed four times with 1 ml of extraction buffer 2 and resuspended in 80 µl of twofold SB.
Results
Phosphorylation of the C-terminal domain of Sec63p mediates interaction with the N-terminal domain of Sec62p in vitro
The interaction between the cytosolic domains of the two membrane proteins Sec62p and Sec63p can be reconstituted with the N-terminal domain of Sec62p (Sec62 ∆C125 ) and the cytosolic last 14 residues of Sec63p (63 C14 ). To enable their detection 63 C14 was attached to a Flag epitope-labeled carrier protein Fpr1p (F-Fpr1-63 C14 ), and Sec62 ∆C125 was linked to an Ha-tagged dihydrofolate reductase (Sec62 ∆C125 -Dha) (Fig. 1A ) (Wittke et al., 2000) . We noticed earlier that during SDS-PAGE F-Fpr1-63 C14 separated into two forms of slightly different mobilities (Wittke et al., 2000) . Even when great care was taken to prevent proteolysis, F-Fpr1-63 C14 appeared during SDS-PAGE as a closely spaced doublet. Only the slower migrating species could be precipitated by Sec62 ∆C125 -Dha, whereas the faster migrating fraction remained in the supernatant and could not be detected in the bound fraction ( Fig. 1B ; note that the strong signal on this blot interfered with a clear separation of the two F-Fpr1-63 C14 bands in lane a) (Wittke et al., 2000) . To test whether the decreased mobility of the fusion protein was caused by the phosphorylation of the Sec63p derived peptide, we treated F-Fpr1-63 C14 with an unspecific phosphatase. The shift to an apparent lower molecular weight during SDS-PAGE indicated that the fusion protein was indeed phosphorylated (Fig. 1B) . The last 14 residues of Sec63p contain two threonines and one serine in positions 652, 654 and 661, respectively. Only the two threonines were strictly conserved in the SEC63 sequences of other Saccharomyces species (Fig. 1A) (Cliften et al., 2003) . To confirm the phosphorylation of the C-terminal peptide of Sec63p we labeled yeast cells with [ ]O 4 -incorporation could be observed for F-Fpr1-63 C14T652; 654A , although both F-Fpr1p fusion proteins were expressed at similar levels and could be immunoprecipitated from extracts with similar efficiencies ( Fig. 1C; lanes d, e) .
Supported by the observation that phosphatase-treated F-Fpr1-63 C14 migrated faster during SDS-PAGE than both bands of the untreated fusion protein, we propose a minimum of two phosphorylation sites in F-Fpr1-63 C14 (Fig. 1B, d-f ). As only the slower migrating form of F-Fpr1-63 C14 was coprecipitated with Sec62 ∆C125 -Dha, phosphorylation seemed to be required for a strong binding to the N-terminal domain of Sec62p (Fig.  1B, lanes b, c) . Accordingly, phosphatase treated F-Fpr1-63 C14 failed to precipitate Sec62 ∆C125 -Dha from cell extracts proving that phosphorylation of the C-terminal domain of Sec63p is a prerequisite for its tight interaction with the N-terminal domain of Sec62p (Fig. 1D) .
To conclusively map the phosphorylation sites in 63 C14 we replaced the threonine residues individually (F-Fpr1-63 C14T652A ; F-Fpr1-63 C14T654A ) by alanines or exchanged the last three residues of Sec63p including Ser 661 from S-P-E to A-L-P (F-Fpr1-63 C14S661A ). The mutated F-Fpr1p fusion proteins were analyzed before and after phosphatase treatment by SDS-PAGE ( Fig. 2A ). Similar to F-Fpr1-63 C14 , untreated FFpr1-63 C14S661A displayed two bands that merged into a single faster migrating band after phosphatase treatment ( Fig. 2A ; lanes a, b, and g, h). F-Fpr1-63 C14T652A and the double mutation F-Fpr1-63 C14T652; 654A were detected as single bands. The running positions of both mutants remained unaltered after phosphatase treatment and were identical to the dephosphorylated F-Fpr1-63 C14 ( Fig. 2A; lanes c, d, and i, j) . Interestingly, F-Fpr1-63 C14T654A migrated as a double band ( Fig. 2A ; lane e). After phosphatase treatment the upper band merged with the lower band, the mobility of which remained unchanged ( Fig. 2A ; lanes e, f), indicating a single phosphorylation in F-Fpr1-63 C14T654A . These findings were confirmed and extended by the different binding affinities of the mutants to Sec62 ∆C125 -Dha. The single and the double replacements of T652 and T654 by alanines drastically reduced their binding to the Nterminal domain of Sec62p, whereas the exchange of serine at position 661 had no detectable effect ( Fig. 2B ; lanes h, i, and our unpublished observation). The borders of the C-terminal binding site of Sec63p have not yet been precisely defined. As the predominance of negative charges extends well beyond the last 14 residues of Sec63p we repeated the binding experiments with a fusion protein containing the last 47 residues of Sec63p (F-Fpr1-63 C47 ). Fig. 2C,D shows that the binding of the complete Cterminal acidic domain of Sec63p to Sec62 ∆C125 -Dha is drastically impaired after phosphatase treatment or through single alanine exchanges at positions 652 or 654. The residual affinities of the mutated or phosphatase-treated F-Fpr1-63 C47 for the N-terminal domain of Sec62p are above the background and therefore significant (Fig. 2C,D , and our unpublished observation).
Sec63p is phosphorylated in vivo
Phosphatase treatment of the full-length Sec63p did not change the mobility of the protein during SDS-PAGE. We therefore exploited the phosphorylation-dependent binding of the Nterminal domain of Sec62p to the C-terminus of Sec63p to measure the phosphorylation status of Sec63p. Protein extracts of yeast cells were separated by SDS-PAGE and transferred onto nitrocellulose. Treatment of the membrane with an extract from yeast cells overexpressing Sec62 ∆C125 -Dha was followed by incubations with an anti-Ha and a peroxidase-coupled antimouse antibody. A specific signal appeared at the running position of Sec63p, indicating the binding of Sec62 ∆C125 -Dha to the immobilized Sec63p (Fig. 3A,B ; lane a). Phosphatase treatment of the membrane before the incubation with Sec62 ∆C125 -Dha or incubation with extracts from yeast cells not expressing Sec62 ∆C125 -Dha abolished the signal ( Fig. 3A;  lanes b, c) . Further evidence that the signal reflects the phosphorylation-dependent binding of Sec62p to Sec63p was obtained by integrating the sequence of protein A (ProA) in frame to the sequence of the chromosomal SEC63. Extracts of these cells yielded a signal in the overlay assay that was shifted relative to Sec63p by the approximate size of ProA ( Fig. 6D ; lanes k, l). A mutant lacking the last 14 residues of Sec63p (Sec63 ∆C14 ) was not detected by the overlay assay ( Fig. 3B ; lane e). To show the contributions of the phosphorylatable threonines to this binding we engineered alanine exchanges at position 652 or 654 or an aspartate exchange at position 654 into the chromosomal SEC63. All mutations abolished the binding to the N-terminal domain of Sec62p in the overlay assay ( Fig. 3B; lanes b, c, d ). We conclude that full-length Sec63p is phosphorylated at its C-terminus in vivo.
Sec62/63 complex stability depends on phosphorylation in vivo
To confirm the influence of Sec63p phosphorylation on its interaction with Sec62p in living cells we replaced SEC63 by SEC63-PROA or Sec63T654A-PROA. The Sec62 ∆C125 -Dha overlay assay with extracts from yeasts expressing Sec63-ProA or Sec63T654A-ProA confirmed the functionality of the ProA fusions and the contribution of the phosphorylatable threonine on the binding of Sec63p to the N-terminal domain of Sec62p (our unpublished observation). Precipitation of Sec63-ProA from cell extracts and the analysis of the bound material by an anti-Sec62p antibody revealed the interaction of the wild-type Sec63p with Sec62p and its strong reduction due to the T654A mutation (Fig. 4A) . Additional evidence on the influence of the phosphorylation on the Sec62/63 complex stability in living cells was obtained by the split-ubiquitin assay (Johnsson and Varshavsky, 1994b) . Sec63p or its mutants were fused to the C-terminal half of ubiquitin that was extended by RUra3p (Sec63-C ub -RUra3p), whereas Sec62p was fused behind the Nterminal half of ubiquitin (N ug -Sec62p). In this configuration of the assay, interactions are detected by the nongrowth of the N ub /C ub -cotransformants on SD-ura (Wittke et al., 1999) . The split-Ub assay confirmed that wild-type Sec63p binds stronger to the full-length Sec62p than the mutants bearing a nonphosphorylatable residue at position 652 or 654 (Fig. 4B) . Residual interactions between Sec62p and the mutants of Sec63p were still detectable in this assay as the cells that coexpress N ug -Ubc6p together with Sec63-C ub -RUra3p grow better on SD-ura than the cells co-expressing N ug -Sec62p together with the mutants of Sec63-C ub -RUra3p (Fig. 4B ). Ubc6p is a membrane protein of the ER that does not bind to Sec63p (Wittke et al., 2002) .
Nonphosphorylatable Sec63p causes a protein translocation defect
Deletions of the last C-terminal 27 or 28 residues of Sec63p including the phosphorylatable threonines abolish posttranslational protein translocation but leave the cotranslational translocation pathway largely intact Young et al., 2001) . To monitor the influence of the phosphorylation of Sec63p on protein translocation we followed the maturation of the post-translational translocation substrate carboxypeptidase Y (CPY) (Hann and Walter, 1991) . CPY was immunoprecipitated from [
35 S]-methionine-labeled cells carrying the alleles sec63T652A or sec63T654A, and the ratio of translocated CPY versus cytosolic preproCPY was compared with the corresponding ratio measured in wild-type cells and cells carrying the sec62-1 allele (Fig. 5A) . Sec62-1 cells display a strong translocation defect for post-translational translocation substrates (Deshaies and Schekman, 1989) . Both threonine exchanges cause a significant accumulation of preproCPY although clearly less severe than the sec62-1 allele (Fig. 5A) . We made use of a sensitive growth assay to follow the influence of the threonine exchanges on the translocation of other signal-sequence-bearing proteins. A selection of signal sequences that at least partially rely on the post-translational translocation pathway were fused in front of the N-terminus of Ura3p. Cells expressing these fusion proteins and displaying a translocation defect grow on plates lacking uracil because of the accumulation of Ura3p activity in the cytosol, whereas nongrowth of the cells reflects the efficient import of translocation substrates into the lumen of the ER (Wittke et al., 2002) . According to this assay, cells expressing Sec63 T652A , Sec63 T654A , Sec63 T654D or Sec63 ∆C14 only incompletely translocate the fusion proteins containing the signal sequences of the α-factor, invertase, CPY and Kar2p (Fig. 5B) . A similar Journal of Cell Science 118 (4) (B) Split-ubiquitin assay. Yeast cells coexpressing Sec63-C ubRUra3p or its mutants together with N ug -Sec62p or N ug -Ubc6p were grown to an OD 600 of 1. Four millilitres of these cultures and tenfold dilutions thereof were spotted on plates lacking uracil, tryptophan and histidine to select for the presence of the plasmids. To check for cell numbers dilutions were also spotted on SD+ura plates (not shown). Sec63p phosphorylation phenotype was observed for the cells expressing a mutant of Sec62p (Sec62 ∆N144 ) that lacks the N-terminal binding site for the C-terminus of Sec63p (Fig. 5B) (Wittke et al., 2000) . Fig.  5B also confirms that neither the deletion of the C-terminal binding site on Sec63p including the two threonines 652 and 654 nor the deletion of the corresponding N-terminal domain in Sec62p is deleterious for the cells Wittke et al., 2000; Young et al., 2001) . As Sec62p contains an additional binding site for the Sec complex in its C-terminal domain, we assumed that the phosphorylatable threonines at positions 652 and 654 become only essential for the formation of the Sec complex once this alternative binding site has been removed. The synthetic lethality between the alleles sec62∆ C35 -DHA and sec63T654A supports this hypothesis (Fig. 5C ).
Sec63p is constitutively phosphorylated by protein kinase CK2
The sequence environments of T652 and T654 both fulfill the requirements of the consensus protein kinase CK2 phosphorylation site (Pinna, 2003) . In S. cerevisiae two CK2 isoforms are encoded by an essential gene pair, CKA1 and CKA2 . To test the effect of CK2 on the phosphorylation of Sec63p and its C-terminal peptides we used the strain YDH8 that contains a temperature sensitive cka2 allele as its sole CK2 encoding copy (Hanna et al., 1995) . Because the phosphorylation of F-Fpr1-63 C14 can be easily followed by the phosphorylation-induced shift of its apparent molecular weight during SDS-PAGE we first introduced F-Fpr1-63 C14 into YDH8 and the isogenic wildtype strain YDH6. The expression of F-Fpr1-63 C14 was immediately induced after the transfer to the restrictive temperature. The appearance of the indicative double band in the wild-type but not in the cka2ts strain clearly shows that the in vivo phosphorylation of the last 14 residues of Sec63p depends on CK2 (Fig. 6A) . Treatment of F-Fpr1-63 C14 with phosphatase confirmed that no phosphorylation had occurred in the cka2ts strain, whereas F-Fpr1-63 C14 was very probably phosphorylated at both sites in the wild-type strain (Fig. 6B) .
To verify that the C-terminal domain of Sec63p can be directly phosphorylated by CK2 we performed an in vitro phosphorylation assay with the isolated proteins. Phosphatasetreated F-Fpr1-63 C14 and F-Fpr1-63 C14T652; 654A were incubated with Cka1p purified from yeast in the presence of [γ-32 P]-GTP. Cka1p significantly phosphorylated only F-Fpr1-63 C14 but not the mutant (Fig. 6C; lanes a, c) . The phosphorylation was blocked by the CK2-inhibitor heparin ( Fig. 6C; lane b) .
Using the Sec62 ∆C125 -Dha overlay assay we failed to observe a rapid dephosphorylation of the endogenous full-length Sec63p in the YDH8 strain after the shift to the nonpermissive temperature (our unpublished observation). This observation raises the question whether full-length Sec63p is indeed a substrate for CK2. Alternatively, Sec63p is phosphorylated by CK2 but turned over only slowly. To distinguish between these two interpretations we expressed Sec63p ectopically from the inducible P MET17 -promoter to selectively follow the modification of the newly made Sec63p in cells without CK2 activity (Fig. 6D) . To separate the induced from the naturally expressed Sec63p we tagged the chromosomal SEC63 with (Pilon et al., 1997) . The shift in the apparent molecular weight after EndoH treatment (+) confirmed the localization of P1 and P2 in the secretory pathway. (B) Steady-state analysis. Yeast cells carrying the indicated alleles of SEC63 or SEC62 and expressing signal-sequence-bearing C ub -Ura3p constructs were spotted on plates without histidine and with or without uracil (+Uracil or -Uracil, respectively) to select for the presence of the plasmids. Growth of cells on SD-ura plates indicates a translocation defect for the respective signal sequence. (C) Synthetic lethality. Yeast cells containing SEC63 or sec63T654A and expressing Sec62p from a URA3 plasmid were transformed with the different TRP1 plasmids containing the indicated alleles of SEC62 carrying the Dha module at their C-termini (Wittke et al., 2000) . Cells were plated on 5-FOA-containing media. Cells that contain the sec63T654A and the sec62∆C35-DHA allele do not growth on this media, indicating a synthetic lethality between the two alleles.
PROA. The Sec62 ∆C125 -Dha overlay assay of extracts obtained at different times after the shift to the restrictive temperature revealed that the amount of phosphorylated Sec63p increased over time in the wild-type strain, whereas only traces of phosphorylated Sec63p were detected after 2 or 3 hours in the cka2ts strain (Fig. 6D, upper panel; compare lanes e, j). As Sec63p expression levels increased in both strains during the incubation at 37.5°C, the experiment provides further evidence that full-length Sec63p is phosphorylated at its C-terminal domain by CK2 in vivo (Fig. 6D, lower panel) . Note that the endogenously expressed Sec63-ProA is only very slowly dephosphorylated during the course of the experiment ( Fig. 6D; lanes i, j) . The kinetics of dephosphorylation suggested that a defect in protein translocation might become apparent only after extended times of CK2-inactivation. To measure the translocation of CPY during the depletion of the CK2 activity, the ck2ts cells were pulsed with [
35 S]-methionine at different times after the shift to the restrictive temperature (Fig. 7A) . Although the synthesis of CPY declined in the ck2ts strain during the incubation at 37.5°C, the small amount of phosphorylated Sec63p that persisted even 8 hours after the shift seemed to suffice to translocate the newly made CPY across the membrane (Fig.  7A) .
Discussion
Our molecular analysis of the interaction between Sec63p and Sec62p revealed an unexpected role for CK2 in the formation of the tetrameric Sec62/63 complex and established a new link Journal of Cell Science 118 (4) 35 S]-methionine and subjected to CPY immunoprecipitation (upper panel). Extracts of the same cells were also probed for the presence of the phosphorylated Sec63p by the Sec62 ∆C125 -Dha overlay assay (lower panel) (B) Summary. Newly made Sec63p is rapidly phosphorylated by protein kinase CK2. The phosphorylated Sec63p binds strongly to Sec62p and becomes protected against dephosphorylation. Certain conditions might induce a phosphatase activity that dephosphorylates Sec63p and thereby shifts the ratio from the bound to the free form. The interaction between Sec63p and Sec62p is phosphorylation dependent In vivo [ 32 PO 4 ] labeling and the phosphatase-induced decrease in the apparent molecular weight of a fusion protein harboring the last 14 residues of Sec63p or mutants thereof identified threonines 652 and 654 as phosphorylation sites in Sec63p (Figs 1 and 2) . In vitro binding experiments and a newly developed overlay assay further revealed that the phosphorylation of both threonines are required for a strong interaction between the N-terminal domain of Sec62p and the C-terminus of Sec63p (Figs 2 and 3) . Coprecipitation of the full-length proteins and the split-ubiquitin technique confirmed the necessity of phosphorylation for the formation of a stable Sec62p-Sec63p complex in vivo (Fig. 4) . The threonine/ alanine exchanges at position 652 and 654 of Sec63p mimic the effects of dephosphorylating Sec63p or its C-terminal peptides on their in vitro binding to Sec62p. Both alanine replacements also impair protein translocation in living cells. Together, this provides strong evidence that Sec63p phosphorylation is a prerequisite for tightly recruiting Sec62p to the Sec complex (Fig. 5) . This proximity then allows Sec62p, which is part of the signal-sequence receptor, to efficiently deliver the signal sequences to Sec61p, the poreforming subunit of the translocation channel (Matlack et al., 1997; Plath et al., 1998; Dünnwald et al., 1999; Wittke et al., 2000; Plath et al., 2004) . The disruption of the phosphorylation-dependent Sec62p-Sec63p interaction impairs but does not prohibit protein translocation (Fig. 5) . We therefore suspected a residual interaction between Sec62p and Sec63p that is independent of Sec63p phosphorylation. Indeed, such a residual interaction could be detected by the splitubiquitin assay for the full-length proteins and by in vitro binding experiments between the N-terminal domain of Sec62p and the last 47 C-terminal residues of Sec63p (Figs 2 and 4) (Wittke et al., 2000) . Previous experiments have already identified an additional binding site for the Sec complex at the C-terminus of Sec62p (Wittke et al., 2000) . Our hypothesis that this site helps to keep Sec62p loosely attached to the Sec complex in the absence of a functional C-terminal domain of Sec63p was supported by the observed synthetic lethality between the alleles sec62∆ C35 -DHA and sec63T654A (Fig. 5) .
CK2 phosphorylates Sec63p in vivo and in vitro
The inability of a ck2ts strain to phosphorylate Sec63p at the restrictive temperature identified CK2 as the responsible kinase (Fig. 6) . The in vitro phosphorylation of the C-terminal peptide of Sec63p by the enriched CK2 confirmed this conclusion (Fig.  6C) . Considering the contribution of the phosphorylatable threonines to the translocation of CPY and other signalsequence-bearing test substrates (Fig. 5) , the lack of a detectable translocation defect in the ck2ts strain was unexpected (Fig. 7) . The slow dephosphorylation of Sec63p during the CK2 heat inactivation might account for this observation as it leaves the cells with sufficient translocation capacity even hours after the inactivation of the kinase has occurred (Fig. 6D, Fig. 7A ). We propose that, under the conditions tested, the phosphorylated Sec63p as part of the Sec62/63 complex is protected against rapid dephosphorylation (Fig. 7B) . Consequently, those CK2-dependent processes displaying a higher phosphate turnover sense the depletion of CK2 much earlier and stop cell growth before a strong translocation defect manifests (Padmanabha et al., 1990; Hanna et al., 1995; Rethinaswamy et al., 1998) .
The slow turnover of the phosphorylated Sec63p makes it less likely but does not necessarily exclude a phosphorylationdependent regulation of the Sec complex assembly. A signaldependent dephosphorylation of Sec63p could induce the dissociation of the Sec62/63 complex thereby freeing either of the subunits for alternative tasks (Fig. 7B) . We know of two activities of Sec63p that are not shared by Sec62p -cotranslational protein translocation and nuclear fusion during karyogamy Young et al., 2001 ). Both processes might require the dissociation of Sec62p from Sec63p, although a direct proof for this is still lacking (Prinz et al., 2000; Helmers et al., 2003; Schwartz and Blobel, 2003) .
